Social cost-benefit analysis (CBA) of projects has been successfully applied in different fields such as transport, energy, health, education, and environment, including climate change. It is often argued that it is impossible to extend the CBA approach to the evaluation of the social impact of research infrastructures, because the final benefit to society of scientific discovery is generally unpredictable. Here, we propose a quantitative approach to this problem, we use it to design an empirically testable CBA model, and we apply it to the the Large Hadron Collider (LHC), the highest-energy accelerator in the world, currently operating at CERN. We show that the evaluation of benefits can be made quantitative by determining their value to users (scientists, early-stage researchers, firms, visitors) and non-users (the general public). Four classes of contributions to users are identified: knowledge output, human capital development, technological spillovers, and cultural effects. Benefits for non-users can be estimated, in analogy to public goods with no practical use (such as environment preservation), using willingness to pay. We determine the probability distribution of cost and benefits for the LHC since 1993 until planned decommissioning in 2025, and we find there is a 92% probability that benefits exceed its costs, with an expected net present value (NPV) of about 3 billion e, not including the unpredictable economic value of discovery of any new physics. We argue that the evaluation approach proposed here can be replicated for any large-scale research infrastructure, thus helping the decision-making on competing projects, with a socio-economic appraisal complementary to other evaluation criteria. 1 arXiv:1507.05638v1 [physics.soc-ph]
Cost-benefit analysis (CBA) is used to evaluate the socio-economic impact of any project: it requires [1] [2] [3] [4] the forecasting of inputs, outputs, their marginal social values (MSV) in order to determine the expected net present value (NPV) of a project. A project is socially valuable if its benefits exceed costs over time, NPV > 0. If B t i and C t i are respectively benefits and costs incurred at various times time t i ,
with r the social discount rate, needed to convert a future value of t in terms of a reference t = 0. This approach is well developed for conventional infrastructures and supported by the European Commission, the World Bank, the European Investment Bank, and other national and international institutions [5] [6] [7] [8] [9] . The application of CBA to research infrastructures (RI) has been hindered by the unpredictability of future economic benefits of science. In order to address the problem quantitatively, borrowing ideas from environmental CBA [10-12], we break down the NPV of a RI in two parts: net use-benefits NPV u , and the non-use value of the expected discovery B n . The former, NPV u is the sum of capital and operative cost, and the economic value of its benefits, in turn determined by asking who its beneficiaries are. It is an intertemporal value, i.e. it has the structure of Eq. (1) . The latter, B n , captures two types of non-use values related to future discoveries: their quasi-option value (QOV 0 ) [13] , which includes any future but unpredictable economic benefit of science, and an existence value related to pure new knowledge per se (EXV 0 ). It is an instant value, i.e. it refers to time t = 0.
In order to determine NPV u , we ask who the beneficiaries of a RI are, and thus identify four benefits: publications, to scientists (SC), technological externalities, e.g. to firms, (TE), human capital formation e.g. for students and postdocs (HC), and cultural effects e.g. for outreach beneficiaries (CU). Costs are determined as the sum of the economic value of capital (K), labour cost of scientists (LS) and other staff (LO), and operating costs (O).
Of the two components of the non-use value B n , the quasi-option value QOV 0 includes serendipity effects, and it is thus intrinsically uncertain [14] . We thus take it as not measurable, we assume that it is non-negative, and we set it to zero. The existence value EXV 0 can be proxied by willingness to pay (WTP). In environmental CBA, the existence value [6, 10] is the benefit of preserving something known to exist; in our framework, it is the benefit of knowing that something exists. In sum, our social accounting is NPV = i (SC t i + TE t i + HC t i + CU t i ) − (K t i + LS t i + LO t i + O t i )
(1 + r) t i + EXV 0 .
Each variable in Eq. (2) is split into contributions determined by other variables (e.g., scientists' salaries on the cost side, or additional profits of RI suppliers on the benefit side), and it is treated as stochastic.
We believe that this model is generally applicable to any RI, and its use could help in the decision-making process. We now test it and validate it by applying it to the Large Hadron Collider (LHC) [15] : arguably, the most stringent test of our methodology. For each contribution on the r.h.s. of Eq. (2) we present our estimation of the corresponding probability density (PDF), and use it to determine the PDF of NPV Eq. (2) .
Costs. LHC costs include past and future capital and operational cost born by CERN and the collaborations for building, upgrading and operating the machine and experiments, including inkind contributions, for which there esists no integrated accounting. Three categories of costs have been considered: i) construction capital costs, ii) phase 1 upgrade capital costs, and iii) operating costs. CERN costs have been provided from the start up to 2025, while for collaborations we have reconstructed costs using their own financial reports, supplemente by our assumptions for years after 2013. Integrated past flows are capitalised and future costs discounted to 2013 Euro by a 0.03 social discount rate (suggested for any infrastructure CBA in Ref.
[6]), estimating apportionment shares as needed. The value of in-kind contributions has been estimated to be 1.2 · 10 9 e. We have reconstructed the time distribution of this total value over 1995 to 2008 (see Figure 1) , while CERN costs unrelated to LHC and costs for future upgrades have been excluded, as their benefits will occur beyond our time horizon. Scientific staff costs have been assumed to balance the value of scientific output (see below) while for CERN administrative and technical staff we have assumed that 90% of the cost would have been borne regardless of the LHC. Our final estimate for the mean cost of the LHC is K + LS + LO + O = 13.5 · 10 9 e.
Knowledge output. The core benefit of the LHC to scientists is publications. Publications produced by LHC scientists (L 0 ) have a value which is equal to their production costs (scientific staff costs), hence neither is included (see above). Benefits come from papers (L 1 ) by non-LHC scientists citing L 0 papers, with the benefit of papers citing these in turn considered to be negligible. We proxy the MSV of L 1 papers through the average salary received for time spent on doing research and writing. Our results, based on an estimate of publication trajectories over a period of N = 50 years starting with 2006 obtained through a suitable model [16] [17] [18] , are summarized in Figure 2 : the mean value of the corresponding benefits is SC = 280 · 10 6 e.
Human capital. The beneficiaries of human capital formation [19, 20] at LHC over the . Bottom: Perception of skill improvements due to the LHC experience (left); percentage impact on salary due to the LHC experience estimated by current students (light green) and past-students (dark green) (right).
time period 1993-2025 are 37000 young researchers: 19400 students and 17000 post-docs. (not including participants to schools or short trainings). The LHC benefit is valued as the PV of the LHC-related incremental salary earned over the entire work career (see Fig. 3 ). The mean value of the corresponding benefits is HC = 5.5 · 10 9 e. Technological spillovers. Benefits to LHC-related supplier firms consist of incremental profits gained thanks to technology transfer and knowledge acquired. We estimate these based on LHCrelated procurement orders, categorised according to high-tech activity codes, which we forecast up to 2025, and then used to determine incremental turnover for the suppliers through estimates of economic utility/sales ratios from Ref. [21, 22] , (based on interviews to CERN suppliers) and EBITDA data for companies in related sectors extracted from the ORBIS database [23] (see Figure 4 ). Further benefits come from software developed for the LHC and made available for free: ROOT (about 25000 users outside physics, mostly in the finance sector) and GEANT4 (used e.g. in medicine for simulating radiation damaging on DNA), whose benefits are estimated as the avoided cost for the purchase of an equivalent commercial software (ROOT) or the cost required for development of an analgous tool (GEANT4). The mean value of these benefits is T E = 5.4 · 10 9 e. Cultural effects. These are benefits of LHC to the general public visiting CERN, and taking advantage of its exhibitions, websites, and outreach activities. Benefits from on-site visitors are determined using the revealed preference method [24] , with the MSV of the time spent in travelling obtained from HEATCO [25] data (see Figure 5 ). Further benefits come from LHCrelated social media and website visits, with the MSV of time of the general public proxied by the hourly value of per capita GDP (see Figure 5 ). Finally, two CERN projects exploit computing time donated from volunteers to run simulation of particle collisions, with WTP revealed by time spent. The mean value of cultural effects is CU = 2.1 · 10 9 e.
Non-use value. A contingent valuation approach (consistent with the NOAA 1993 protocol [26] ) is used to determine social preferences for the non-use value of the LHC as discovery device, a public good with unknown practical use, proxied by WTP. Samples of students in four European countries were asked their WTP an annual fixed donation for 30 years; results were used to determine the WTP of people with tertiary education in CERN Member States, and people from non-Member States, based on share of visitors (see Figure 6 ). The mean non-use value is found to be EXV 0 = 3.2 · 10 9 e.
We have determined the PDF for the NPV Eq. (2) by running a Monte Carlo simulation (10000 draws conditional to 19 stochastic variables) [27] [28] [29] . The final PDF and cumulative probability distribution for the NPV are shown in Figure 7 , with a 3σ Monte Carlo error below 2%. We find that the expected NPV of the LHC is around 2.9 billion e, with a probability of a negative NPV smaller than 9%. The expected Benefit/Cost ratio is around 1.2 and the expected internal rate of return is 4.7%.
We have thus shown how a social CBA probabilistic model can be applied to evaluate a large scale research infrastructure, based on empirically feasible methods. The unpredictable benefits of science (if any) are not included in our analysis: they will remain as an extra bonus for future generations, donated to them by current taxpayers. Forecast of future expenditures of the collaborations have been based on the same sources. When only cumulative data at a certain year were available, appropriate hypotheses about the yearly distribution have been made. For the LHCb Collaboration some missing yearly data have been assumed. We have not considered the cost implications of the High Luminosity Project and of the LHC Upgrade Phase 2 as they mostly will run after out time horizon. To avoid double counting, the CERN contribution to the collaborations have been excluded by their expenditures. As for CERN, the scientific personnel cost of the collaborations (paid by their respective Institutes) has been taken as balancing the value of the scientific publications, and excluded from the grand total of cost. The overall trend of CERN LHC-related and collaborations expenditures was shown in Fig. 1 . While the information up to 2013 has been taken as deterministic, the forecast 2014-2025 has been treated as stochastic. A normal distribution of the total cost has been assumed with mean equal to 1.966 · 10 9 e, and a standard deviation compatible with mean ±50% as asymptotic values, based on interviews on the most optimistic and pessimistic future scenarios. We have not included decommissioning costs as we have no information on them. For the same reason we have also not tried to forecast accidents or negative externalities. 
with α 1 = 65000, 2 = 2 β 1 1 = 0.18, β 2 = 0.008, T = 50, t = 2006. The forecast of the number of L 1 publications over the years 2013-2050 has been based on observed pattern of average number of citations per paper, without assuming any new spike after the one related to the discovery of Higgs boson. We have also estimated the citations to L 1 papers by L 2 papers. Again, the number of L 2 papers until 2012 is based on inSPIRE, while to forecast 2013-2050 we assume 4 citations per paper, in line with the previous years. To these figure we have added downloads, which for the field of High Energy Physics are available from arXiv (arxiv.org), which we used for 1994-2013, while in order to forecast until 2050 we have assumed the same average in future as the past (64 downloads per paper). This average number of downloads has been applied to L 0 papers. The benefits are thus: the value of L 1 papers; the value of L 1 citations to L 0 papers; the value of L 2 citations to L 1 papers. The value of L 0 papers cancels against its cost and it is not included. The value of L 2 papers and beyond, and citations to them, is considered to be be negligible. All values are discounted at the 3% social discount rate. After this baseline estimation, risk analysis has been performed on the total present value of the publications, assuming a mean of 277 · 10 6 e and a standard deviation of 103 · 10 9 e. These parameters in turn are based on a Montecarlo simulation (10,000 draws) of a range of values for the following variables: number of references to L 0 papers in papers L 1 (Ref. (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) (2018) (2019) (2020) (2021) (2022) (2023) (2024) (2025) . Specific additional assumptions have been made for each of the five types in order to derive the flow of annual incoming students over the years 1993-2025. The estimated total cumulated figure for students and young researchers is 36771 to 2025. In order to estimate the economic benefit to each of these, a survey, directed to students and former students, was performed between May and October 2014 and in March 2015, both through an on-line questionnaire and direct interviews at CERN. Information from 384 interviewees coming from 52 different countries has been collected: 75% of respondents are male; 38% are 20-29 years old and 43% are 30-39 years old; 65% of respondents are related to the CMS Collaboration and 22% to ATLAS. The survey gives us an ex-ante or ex-post perceived LHC premium on salary. As the two averages are very similar, we have considered more reliable the ex-post data, i.e. the premium declared by former students who have already found a job: it is equal to 9.3%. This percentage premium has been applied to the average annual salary at different experience levels, retrieved from the payscale database (www.payscale.com). In particular, we have classified salaries by experience level (entry, mid-career, experienced, and late career) for different jobs in the USA see e.g. http://www.payscale.com/research/US/Job=Electronics Engineer/Salary), grouped in four broad sectors: industry, research centres, academia, others (the latter including for instance finance, computing and civil service). A distribution of the number of CERN students across these broad sectors has been assumed: for CERN technical students we have assumed that only 10% will go either in research centres or in the academia, and 45% respectively in the other two sectors; for the other students we have assumed a destination in research and academia for 60%, and 20% each for the others. The four aforementioned career points have been interpolated with a logarithmic function. Given the average salary in each sector, the premium declared by interviewees, and the assumed shares of students finding a job in each sector, we have computed this component of the human capital effect. Considering that the difference between the pay in research and academia and the two other sectors combined is between 13% and 18% (increasing with the level of experience), and that 14% of the former students who have participated in the survey have been diverted to better-paid jobs in industry of other sectors, an additional premium between 2-3% (triangular PDF with average and mode both equal to 2.5%) has been applied. The total 11.8% premium has been attributed to each student over a career spanning 40 years, with the implication, for example, that the cohort of 2025 student will enjoy the benefit up to 2065. The total number of students has been taken as a triangular PDF with maximum and minimum equal to ±15% of the mode and mean. All values are discounted, which, because of the long time span, roughly halves the cumulated benefit in comparison to its undiscounted value.
3. Technological spillovers. The total value of CERN procurement by year and by activity code has been recovered from the CERN Procurement and Industrial Services Companies (personal communication, October 2013). A random sample of 300 orders exceeding 10 5 CHF in nominal value has been extracted from a data set in turn extracted for us by the aforementioned CERN office. Each order has been classified with the help of expert CERN staff according to a five-point scale: 1) very likely to be off-the-shelf orders with low technological intensity; 2) offthe-shelf orders with an average technological intensity; 3) mostly off-the-shelf orders by usually high-tech and requiring some careful specifications; 4) high-tech orders with a moderate to high specification activity intensity to customize product for LHC; 5) products at the frontier of technology with an intensive customization work and co-design involving CERN staff. An average technological intensity has been attribute to each CERN activity code, and we have considered as high-tech the codes with average technological intensity class equal or greater than 3. This has led to the identification of 23 activity codes. Procurement value has then been computed only for these codes, and turned out to be 35% of the total of procurement expenditures. This would be only 17% if we exclude orders below 5 · 10 4 CHF, and symmetrically 58% if we include orders below this threshold and for other activity codes. We took a triangular distribution with average and mode model equal to 35% and minimum and maximum as above. A share of 84% of yearly total expenditures of collaborations is attributed to external procurement, using the same share as CERN. This share has been used also for the future forecasts of both the CERN and collaborations up to 2025, based on the previous forecast of cost trends. For the collaborations, which are known to include a significantly higher share of high-tech orders, we assume a triangular distribution of the share of high-tech procurement with average and mode equal to 58%, minimum set to 40%, and maximum to 75%. We have then identified 1,480 firms from the ORBIS database [23] in the year 2013 and in six countries (Italy, France, Germany, Switzerland, UK, USA), selected because they received 78% of the total CERN procurement expenditure between 1995 and 2013 (data on procurement commitment by country provided by CERN staff, October 2013). In selecting this sample, we have considered companies whose primary activity matches with the corresponding CERN activity codes. The following NACE sectorial codes have been considered: manufacture of basic metals (24) ; manufacturing of structural metal products (25.1); forging, pressing, stamping and roll-forming of metal (25.5); manufacturing of other fabricated metal products (25.9); manufacturing of computer, electronic and optical products (26) ; manufacturing of electrical equipment (27) ; manufacturing of machinery and equipment not classified elsewhere (28) ; specialised construction activities (43); telecommunications (61); computer programming, consultancy and related activities (62); information service activities (63). After having observed the EBITDA margin sample distribution, we have computed an average (13.1%) and standard deviation EBITDA weighted by country, and used these parameters to define a normal distribution of the EBITDA. We have then estimated the incremental turnover over 5 years by the LEP average utility/sales ratio to be equal to three, based on the results of Refs. [21, 22] . Based on these sources we assumed a triangular distribution with mode equal to the mean, minimum 1.4, maximum 4.2. This ratio has been applied to the high-tech procurement of both CERN and collaborations. We have finally computed the additional sales times EBITDA margin, thus estimating the additional profits of firms in the LHC supply chain. All the detailed data are available upon request.
Out of several open-source software codes available from CERN we have identified ROOT and GEANT4 as mostly developed in relation to LHC computing needs. Non-CERN ROOT users outside the high-energy physics community are estimated to be about 25000 worldwide in 2013, in addition to about 10000 HEP users, on the basis of yearly download statistics of the software code (https://root.cern.ch/drupal/content/download-statistics) as well as interviews and personal communication with CERN Physics Department staff. We then determined future trends based on estimates of CERN staff on the basis of past yearly downloads, which are 55000 in 2025. This has been taken as a stochastic variable with a triangular distribution and a range of ±20% about equal average and mode. The number of new users by year has been estimated based on interviews to CERN staff. The market prices of several comparable commercial software codes has been analyzed, based on interviews to CERN staff. The range of avoided costs, depending on computing needs, goes from zero (if the R open-source statistical analysis code was used instead) to 17000 Euro per year for a one-year license (if Oracle advance analytics was used). We have assumed a triangular yearly cost-saving PDF for each ROOT user, with average and mode equal to 1500 e, minimum set to 1000 e, and maximum 2000 e. Based on interviews, we have assumed a trapezoidal PDF for the number of usage years, with modes equal to 3 and 10; minimum 0; maximum 20. Then number of users, multiplied by the avoided cost per year is then discounted and summed to compute the PV of the ROOT-related benefit. For GEANT4 (http://geant4.web.cern.ch/geant4/license/) we have identified about fifty research centres, space agencies and firms in which it is routinely used (not including hospitals which use GEANT4 for medical applications). Out of these we have made a distinction between the 38 centres who contributed in some form to the development of the code, and the remaining ones. The avoided cost is based on the production cost of GEANT4 (around 35 · 10 6 e up to 2013, provided by CERN staff and generated using SLOCcount www.dwheeler.com/sloccount); the total CERN contribution to this cost is estimated to be 50%. The avoided cost for the aforementioned 38 centres is reduced to the contribution they actually provided (assumed to be the same for each centre, thus 50% of 35 million euro divided by 38), while it is the full GEANT4 cost for the remaining ones. A forecast to 2025 and a yearly avoided cost has been then estimated. The total cumulated avoided cost has been taken as symmetric triangular PDF ±30% about a mode and mean both equal to 2.8 · 10 9 e. . We have assumed, based on interviews, that the time devoted to LHC news per head is 2 minutes. We have treated the audience as a stochastic variable, assuming a triangular distribution (minimum zero, maximum one billion, average and mode equal to 5000 million). The value of time of the target audience has been estimated based on current GDP per capita in the average CERN Member States and the USA (for 2013, using IMF data), and the number of working days per year (8 hours times 225 working days). This is treated as a stochastic, triangular distribution, with minimum equal to 3 e; maximum 42 e, and mode and mean equal to 17 e. Website visitors (4) have been determined on the basis of historical data on hits until 2013-2104 (source CERN and collaborations Communication Groups). Our forecast is conservatively based assuming that the value at the last available observation remains constant. The benefit comes from the number of minutes per hit from users of the websites, estimated to be a triangular distribution with average and mode equal to minutes, and ranging from 0 to 4 minutes. For social media (5), we used data provided by CERN and collaborations, attributing to the LHC 80% of the hits to CERN-related social media and 100% of those related to the collaborations. We used historical data until 2014 and for the subsequent years we have taken the last year data as constant. The average stay time is assumed for all social media to be distributed according to a triangular distribution with average and mode equal to 0.5 minutes per capita, ranging from zero to one minute. Time is then valued as above. Volunteer computing (6) A forecast of the stock has been given to us to 2025 by the same source, and again we have assumed a yearly rate of change over the years 2014-2025. The opportunity cost is the time to download, install, and configure the programs (15 minutes per capita una tantum) and the time spent in forum discussions (15 minutes per month per capita). Again, time is valued as above. 7. Existence value of discovery. The survey on WTP for the LHC as a public good has been performed in Milan in October-November 2014, and in Exeter (UK), Paris (France), A Coruña (Spain) in February-March 2015: 1027 questionnaires have been collected. The average time spent answering the questionnaire (28 questions available upon request) was about 25 minutes. The respondent was first given a one page summary of the LHC Wikipedia page as an information set. Geographical distribution of respondents was 40% from Italy, and 20% each from Spain, France and UK. Out of the total number of respondents, 85% were 19-25 years old, 57% were females, 64% were in the humanities and social sciences. Questions included: household composition, family income, personal income, high-school background, previous knowledge of research infrastructures, source of information, if any, on the LHC and the Higgs boson discovery, whether the respondent has ever visited CERN, interest in science, willingness to pay for LHC research activities an economic contribution lump sum or yearly over 30 years, in pre-set discrete amounts (zero, 0.5, 1, 2 Euro). We have then taken the sample average yearly WTP, weighted by the number of respondents by country, for respondents who declared a positive annual WTP (73% of the total). This has given us a sample distribution with three discrete values (0.5, 1 and 2 e), and mode and maximum equal to 2. Each annual WTP has then been multiplied (undiscounted) by 30 years. This per capita WTP has been applied to 73% of 18-74 year olds with at least tertiary education coming from CERN Member States (determined from Eurostat data 2013). We have then added to the previous target population an additional 21% from CERN non-member states, reflecting the share of personal visitors to CERN from non-member states (visitor statistics provided by CERN staff as a personal communication). We have treated the per capita WTP as a stochastic variable, assuming a truncated triangular probability distribution with maximum and mode equal to 2 eand minimum equal to 0.1 e, reflecting the sample distribution for non-zero values.
